The quantitative analysis of human genetic variation is crucial for understanding the molecular characteristics of serious medical conditions, such as tumors. Because digital polymerase chain reactions (PCR) enable the precise quantification of DNA copy number variants, they are becoming an essential tool for detecting rare genetic variations, such as drug-resistant mutations. It is expected that molecular diagnoses using digital PCR (dPCR) will be available in clinical practice in the near future; thus, how to efficiently conduct dPCR with human genetic material is a hot topic. Here, we introduce a method to detect Adenomatous polyposis coli (APC) somatic mosaicism using dPCR with the chip-in-a-tube format, which allows eight dPCR reactions to be simultaneously conducted. Care should be taken when filling and sealing the reaction mixture on the chips. This article demonstrates how to avoid the over-and underestimation of positive partitions. Furthermore, we present a simple procedure for collecting the dPCR product from the partitions on the chips, which can then be used to confirm the specific amplification. We hope that this methods report will help promote the dPCR with the chip-in-a-tube method in genetic research.
Introduction
Quantitative PCR (qPCR) is frequently used to quantify human genetic variation, including single nucleotide variants (SNVs) and DNA copy number variations (CNVs). In qPCR, a polymerase reaction is performed in each tube in the same way as in the conventional end-point PCR, and an amplification signal is acquired from the tube after every thermal cycle. By contrast, in dPCR, meaning end-point dPCR in this report, the PCR mixture is loaded into many microscopic chambers, termed partitions, where DNA templates are present or absent at a limiting dilution, and every partition containing PCR mixture is assessed as negative or positive after the complete PCR. While it is easy to estimate that there are no DNA templates in the negative partitions, it is unclear how many copies of DNA templates are present in the positive partitions. Therefore, the number of DNA templates in the positive partitions is estimated based on the Poisson distribution, using the count from the negative partitions 1 . dPCR is more expensive and has a smaller dynamic range compared to qPCR, but this method enables an absolute quantification and offers a higher sensitivity and greater precision 2 .
One of the main applications of dPCR is the validation of the variants identified by next-generation sequencing (NGS). Especially in the case of rare variants, meaning low variant fractions, validation is crucial due to sequencing errors that may occur in NGS 3 . While Sanger sequencing and qPCR are useful tools for the validation of SNVs and CNVs, their sensitivity is low compared to dPCR. Therefore, dPCR technology is in demand for genetic studies dealing with rare variants. Recently, the detection by liquid biopsy of rare variants related to cancer characteristics, such as drug-resistance, has become a hot topic in molecular diagnosis and therapy 4 . The dPCR technology appears suitable for liquid biopsy studies and is expected to have important clinical applications in the near future, although improvements related to the dynamic range and cost are still required to be implemented.
Commercially-available dPCR technology can be roughly categorized into droplet-based and chip-based platforms; the difference is how the DNA templates are partitioned 5, 6, 7 . In the dPCR with chip-in-a-tube format, the PCR mixture is distributed by the capillary action into the partitions on a chip. The chips are built in eight-tube strips, which many lab staff will already be familiar with, and, thus, eight samples can be treated at one time 1. Quality Control of Genomic DNA NOTE: Genomic DNA (gDNA) was extracted from peripheral blood using the well-established silica-membrane-based DNA purification method. In advance of the below procedures, the concentration of gDNA was determined using a spectrophotometer.
1. Prepare the gDNA sample at a concentration of 10-100 ng/µL. 2. Add 10 µL of DNA sample buffer to an 8-tube strip. 3. Add 1 µL of DNA ladder or gDNA to the tubes. Vortex the mixture for 1 min using the microplate attachment. 4. Load the tube, the gel device and pipette tips into the electrophoresis instrument (Table of Materials) and start the run by pressing the 'Start' button. NOTE: The electrophoresis system will automatically operate with one click on the Start button. 5. Confirm that the lower marker contained in the DNA sample buffer is correctly assigned on the electropherograms. If it is incorrectly assigned, manually assign the marker in the 'Electroherogram mode' of the software. NOTE: The DNA integrity number (DIN) will be automatically calculated. The DIN value comes from the DNA integrity. High and low DIN values indicate highly intact and strongly degraded gDNA, respectively. 6. Specify the size region of the gDNA (> 200 bp) in the 'Region mode' of the software to automatically calculate the concentration of gDNA (> 200 bp). 
Primer and Probe Design

Digital PCR
1. Prepare the primers, probes, and gDNA stock solutions in the concentrations described in Table 1 with a TE buffer and store them at -20-4°C . 2. Mix the reagents at room temperature in a total volume of 15 µL to a final concentration as described in Table 1. 1. Add 3 µL of distilled water instead of gDNA in a no-template control (NTC). 2. Prepare 3.5x the amount of the PCR mixture in triplicate to account for the pipetting error.
3. Pipette the PCR mixture up and down to mix it. 4. Set the loading platform onto the chips built in the 8-tube strip and set them on the autoloader. Ensure that there is a contact between the chip and the loading platform. 5. Fit a loading slider on the platform and hold the slider with the stopper off of the loader. 6. Pipette 15 µL of the PCR mixture on the platform near the tip of the slider (Figure 1A) .
Run the loader by pressing the button of the loader (for approximately 1 min).
NOTE: It is not a problem if a small amount of PCR mixture remains on the platform. It is possible to sequentially rerun the loader. 8. Set the chip-in-a-tube filled with PCR mixture in the side slot of the sealing enhancer. Push the slide lid and the edge of the top lid to not break the chip (Figure 1B ). 9. Run the sealing enhancer (approximately 2 min). Sequentially rerun the sealing enhancer for 1 min if a puddle of liquid is still visible because an incomplete sealing causes a cross-contamination of the positive signals (Figures 1C and 1D ). 10. Add 230 µL of sealing fluid, an oil-based reagent, to the tubes.
NOTE: The chips should now be immersed in the fluid. 11. Set the tubes in the thermal cycler. Run the thermal cycler as described in Table 2 (for approximately 2 h). Tune the temperature or the duration of the PCR if there is an uneven distribution of positive partitions ( Figure 1E) . NOTE: It is recommended to set the ramp rate to around 1 °C/s. 12. Leave the tubes in the thermal cycler for at least 15 min to reduce the baseline noise.
NOTE: The tubes can be left overnight as well. Fluorescence signals were detected even the following day. 13. Set the tubes on the detection jig and pour 6 mL of distilled water into the jig. If air bubbles are visible inside and outside of the tubes, clear them (Figures 1F and 1G ).
Representative Results
We reviewed somatic mosaicism of the APC gene in a patient with sporadic familial adenomatous polyposis according to the procedures described above. In a previous study, the APC c.834 + 2T > C mutation was found in the patient, but not in their parents, using Sanger sequencing and NGS 9 . The designs of the primers and probes used in the representative results are shown in Table 3 . Genomic DNA was extracted from the blood of the proband, the parents, and six healthy donors. The DIN values of the nine gDNA samples ranged to 6.7-7.9 ( Figure 2 and Table 4 ). FAM and HEX were used as the fluorescence dyes for the C and T alleles, respectively. The green and yellow spots on the position plots represent FAM-positive and HEX-positive partitions, respectively ( Figure 3A) . The blue spots represent negative partitions for both FAM and HEX. The black background corresponds to partitions where the reaction mixture was not added. Many positive partitions of the C and T alleles were detected in the proband, while few positive partitions of the C allele were detected in the proband's father or the NTC and, in the latter, positive partitions of the T allele were not detected. The signal separation between the C and T alleles was clear on the two-dimensional (2-D) scatterplot, and the most positive signals of HEX and FAM were exclusive of each other ( Figure 3B ). The VAF of the proband was 13.2%, which is similar to that determined using NGS (12.7%) ( Table 4 ). The VAFs of the proband's parents and healthy donors were < 0.1%. The detection limit for the APC c.834 + 2T > C mutation was estimated to be 0.3% using 3x the standard deviation for the repeated measurements with 10-11 ng of the total gDNA 10 .
The amplicon size in the dPCR assay for APC c.834 + 2T > C was predicted to be 123 bp. To confirm that the dPCR product was amplified as a single band, the dPCR product was collected from the assayed chip. Using electrophoresis, a single band was clearly detected, and the product size was consistent with the prediction (Figure 4 ). 3 Iwaizumi et al. 9 , Hum Genome Var. 2 15057 (2015). 4 The experiments were run in triplicate and independently repeated 3x; the data are expressed as the mean value; RSD: relative standard deviation; N/A: not applicable. The table has been modified from Kahyo et al. 
